Reentrant nu = 1 quantum Hall state in a two-dimensional hole system by Graninger, A. L. et al.
ar
X
iv
:1
10
9.
38
08
v1
  [
co
nd
-m
at.
me
s-h
all
]  
17
 Se
p 2
01
1
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We report the observation of a reentrant quantum Hall state at the Landau level filling factor
ν = 1 in a two-dimensional hole system confined to a 35-nm-wide (001) GaAs quantum well. The
reentrant behavior is characterized by a weakening and eventual collapse of the ν = 1 quantum Hall
state in the presence of a parallel magnetic field component B||, followed by a strengthening and
reemergence as B|| is further increased. The robustness of the ν = 1 quantum Hall state during
the transition depends strongly on the charge distribution symmetry of the quantum well, while the
magnitude of B|| needed to invoke the transition increases with the total density of the system.
Studies of two-dimensional electron systems (2DESs)
confined to wide quantum wells (WQWs) have revealed
a rich variety of quantum phases which are not seen in
standard, single-layer heterojunctions or narrow QWs,
including unique fractional quantum Hall states (QHSs)
[1–4] and a bilayer Wigner solid [5]. In these systems,
the large QW width coupled with the electrostatic re-
pulsion of the electrons results in a bilayer-like charge
distribution which introduces an additional (layer) de-
gree of freedom. This extra degree of freedom impacts
the 2DES electronic level structure as well as many-body
interactions arising from the additional interlayer corre-
lations, both of which can be tuned in a single WQW by
changing the total density and/or the symmetry of the
charge distribution. Here we report on magnetotransport
measurements in a two-dimensional hole system (2DHS)
confined to a WQW. 2DHSs differ from their 2D electron
counterparts in several aspects. Most notably, the 2D
holes’ j = 3/2 effective spin (rather than j = 1/2) and
their strong spin-orbit coupling result in a non-parabolic
energy band structure at zero magnetic field, and Landau
levels that typically exhibit a non-linear dependence on
perpendicular magnetic field [6]. These unique subtleties
of single-layer 2DHSs motivated the work we present
here, where the holes are confined to a WQW and typi-
cally occupy two electric subbands.
Our measurements reveal a striking observation,
namely, a reentrant integer QHS at the Landau level
filling factor ν = 1 in the presence of a parallel mag-
netic field component B||. This phenomenon is charac-
terized by a weakening and eventual collapse of the ν = 1
QHS as the 2DHS is tilted in field. The state is absent
over a range of B||, but at a higher B|| it reemerges and
strengthens with increasing B||. This reentrant behavior
has no counterpart in 2DESs confined to WQWs, where
the collapse of the ν = 1 QHS with increasing B|| is
permanent [2, 7]. Our magnetotransport data also re-
veal clear dependencies on both the charge distribution
symmetry and total density of the 2DHS. As the charge
distribution is made increasingly asymmetric, the ν = 1
QHS becomes more robust during the transition, and as
the density is increased, the range of B|| over which the
transition occurs shifts to higher B||.
We studied a 2DHS confined to a 35-nm-wide GaAs
QW grown via molecular beam epitaxy on a (001) GaAs
substrate. The WQW is surrounded on both sides by
95-nm-thick Al0.24Ga0.76As spacer layers and C δ-doped
layers. Two samples were studied here: Sample A, which
was fitted with a Ti/Au front gate and an In back gate,
and sample B, with just a front gate. The gates allow
us to change the density of the 2DHS, and in sample
A we use the two gates to additionally tune the charge
distribution symmetry, which we define as the difference
in density between the front and back of the WQW as
a fraction of the total density, δp/p. As a result of the
symmetric doping profile, the 2DHS is nearly balanced
(δp/p = 0) at zero gate bias. To determine the balanced
point more precisely, we carried out measurements at a
fixed density for various δp/p and judged the balanced
point by identifying symmetric features in the magneto-
transport data taken at both δp/p > 0 and δp/p < 0. The
zero-bias density and low-temperature mobility of both
samples are p = 1.7×1011 cm−2 and µ = 3×105 cm2/Vs,
respectively. The samples were measured in a 3He refrig-
erator with a base temperature of T ≃ 300 mK in which
they were mounted on a rotating stage that allows us to
change in situ the tilt angle θ between an external mag-
netic field and the direction normal to the plane of the
2DHS. The samples were fabricated in the van der Pauw
geometry and magnetotransport data were obtained us-
ing standard low-frequency lock-in techniques.
Figure 1 shows the longitudinal resistance Rxx as a
function of the perpendicular component of the magnetic
field B⊥ for sample A at p = 1.74×10
11 cm−2 for various
θ. The charge distribution is symmetric for all traces. At
θ = 0, there is a strong QHS at ν = 1 as evidenced by
a wide and deep minimum in Rxx. As θ is increased,
the minimum becomes narrower, and by θ = 27◦ it com-
pletely collapses. In this phase, what remains at ν = 1 is
simply a doublet feature with two shallow minima at the
background value of Rxx. Further increasing θ results in
a remarkable reemergence of the ν = 1 QHS; by θ = 35◦
20 5 10 15
0
0.5
1.0
1.5
2.0
2.5
θ (deg.)
54
45
35
32
29
27
25
15
0
 
R
x
x
 
(k
Ω
)
B  (T)
ν = 1
2
2/3
3/5
4/7
3
35 nm
k|| (A
-1)
o 0.01
E
 (
m
e
V
)
-1
-2
 0
EFHH1
HH2
LH1
 0
FIG. 1. (color online). Magnetotransport data for sample A
at a fixed density of p = 1.74 × 1011 cm−2 in the balanced
(δp/p = 0) case as a function of B⊥ for various θ. At low θ,
the ν = 1 QHS is well-developed. As θ is increased the ν = 1
QHS weakens and eventually collapses at θ ≃ 27◦, and then
reemerges and strengthens as θ is further increased. During
the ν = 1 transition, the fractional QHSs in the extreme quan-
tum limit (ν = 2/3, 3/5, and 4/7) are also weakened. Each
trace is shifted vertically in Rxx by ∼ 0.25 kΩ; Rxx = 0 for
each trace is marked at B⊥ = 0. Left and right insets: Self-
consistently calculated potential profile and charge distribu-
tion, and E vs. k|| dispersion along [100] showing two-subband
occupation.
a minimum in Rxx is developing, and at θ = 45
◦ a strong
QHS at ν = 1 has set in. Increasing θ beyond this point
strengthens the ν = 1 QHS with no apparent indication
of another transition. Figure 1 also displays the results of
self-consistent calculations (for B = 0) using the full 8×8
Kane Hamiltonian [6]. The left inset shows the potential
profile and charge distribution, exhibiting the expected
bilayer-like nature of our 2DHS. The right inset shows the
energy band dispersion along the [100] direction indicat-
ing that two electric subbands of the heavy-hole band
(HH1 and HH2) are occupied at this density. Note that
the energies of each of these subbands are split at finite
wave vectors k|| because of the spin-orbit interaction.
The role of charge distribution symmetry is illustrated
in Fig. 2, which shows Rxx vs. B⊥ for the same density
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FIG. 2. (color online). Magnetotransport data for sample
A at p = 1.74 × 1011 cm−2 in the imbalanced case where
δp/p = 25%. The data are qualitatively similar to the data of
Fig. 1 except that the ν = 1 QHS weakens slightly but does
not collapse as in the δp/p = 0 case. Despite the robustness
of the ν = 1 QHS here, the fractional QHSs in the extreme
quantum limit are still severely affected over a similar range of
θ. Left and right insets: Self-consistently calculated potential
profile and charge distribution, and E vs. k|| dispersion along
[100].
and the same values of θ as in Fig. 1. However, in Fig. 2
the asymmetry of the charge distribution is δp/p = 25%.
In this case, at θ = 0 there is still a strong QHS at ν = 1.
With increasing θ , the ν = 1 QHS weakens over a similar
range of θ as in the balanced case of δp/p = 0 (Fig. 1),
but it never collapses, as evidenced by the sustained deep
Rxx minimum at ν = 1 during the transition. Similar to
the balanced case, as θ is further increased beyond this
range, the ν = 1 QHS strengthens.
The robustness of the ν = 1 QHS during this tilt-
induced transition as a function of charge distribution
asymmetry is illustrated in Fig. 3. Here, the value of
Rxx at ν = 1 at p = 1.74× 10
11 cm−2 is plotted vs. B||
and θ for a number of δp/p. A higher value of Rxx here
corresponds to a weaker ν = 1 QHS. Figure 3 demon-
strates the primary effect of increased charge distribution
asymmetry: As δp/p is increased, the ν = 1 QHS mono-
tonically strengthens in the midst of the transition from
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FIG. 3. (color online). The value of Rxx at ν = 1 vs. B|| at
p = 1.74× 1011 cm−2 for various δp/p. As |δp/p| is increased,
the ν = 1 QHS becomes more robust over the range of B|| in
which the transition occurs.
a collapsed state at δp/p = 0 to a QHS with a deep Rxx
minimum at δp/p = 25%. The data also indicate that
as δp/p is increased, the critical values of B|| and θ near
which the transition occurs increase slightly. We note
that data for negative δp/p, omitted for clarity, show the
same monotonic strengthening of the ν = 1 QHS.
To further characterize the nature of this transition,
we obtained magnetotransport data for various densities.
Figure 4 displaysRxx vs.B⊥ for p = 1.29×10
11 cm−2 and
δp/p = 0 for different values of θ. Here the ν = 1 QHS,
which is well-developed at θ = 0, does not go through
a transition as in the case of p = 1.74 × 1011 cm−2. In-
stead, it monotonically strengthens with increasing θ and
through θ = 53◦ shows no signs of weakening. As seen in
the insets of Fig. 4, the calculated charge distribution in
this case is distinctly less bilayer-like, resembling more of
a thick 2DHS, while the E vs. k|| dispersion predicts the
occupation of just the HH1 subband.
Figure 5 summarizes the behavior of the ν = 1 tran-
sition at different densities. The data in Fig. 5 were
obtained from both samples A and B, and for sample
B, where the change in density was induced solely by a
front gate, the associated δp/p for each density is indi-
cated. The data show a clear dependence of the critical
range of B|| where the ν = 1 QHS weakens on the density
of the 2DHS. At the highest density of p = 2.02 × 1011
cm−2, the critical range is centered about B|| ≃ 6 T. As p
is decreased, the range monotonically shifts to lower B||.
At p = 1.38× 1011 cm−2, Rxx at ν = 1 is already lifted
up at B|| = 0, and increasing B|| eventually strengthens
the ν = 1 QHS as in the higher density cases. Further
decreasing the density to p = 1.29× 1011 cm−2 abruptly
concludes this trend with a strong ν = 1 QHS at B|| = 0
that only strengthens with tilt (see Fig. 4).
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FIG. 4. (color online). Magnetotransport data for sample A
at a fixed density of p = 1.29 × 1011 cm−2 for δp/p = 0 for
various θ. At θ = 0, there is a strong ν = 1 QHS which, in
contrast to Fig. 1, monotonically strengthens with increasing
θ. The fractional QHSs in the extreme quantum limit (ν =
2/3, 3/5, and 4/7) are weakened with increasing θ; further
increasing θ eventually strengthens these states to a point
where at θ = 53◦ the Rxx minima are deeper than at θ = 0.
Left and right insets: Self-consistently calculated potential
profile and charge distribution, and E vs. k|| dispersion along
[100] showing one-subband occupation.
Before turning to a discussion of the ν = 1 transition,
we briefly mention one other interesting feature exhibited
by the magnetotransport data for p = 1.74× 1011 cm−2.
For both δp/p = 0 (Fig. 1) and δp/p = 25% (Fig. 2),
the data exhibit a well-developed sequence of fractional
QHSs at the filling factors ν = 2/3, 3/5, and 4/7. When
θ is increased such that the ν = 1 QHS is weakened, these
fractional QHSs also go through a similar weakening. In
both cases, the QHSs at ν = 3/5 and 4/7 are destroyed
by a monotonic increasing of Rxx with B⊥ beyond ν = 1.
The ν = 2/3 QHS is also affected, but appears to remain
stronger in the balanced case. Interestingly, the data for
p = 1.29 × 1011 cm−2 (Fig. 4) also exhibit a weakening
of these fractional QHSs at similar values of θ, despite
the absence of the ν = 1 transition at this density. As
θ is further increased, however, these fractional QHSs
reemerge and by θ = 53◦ appear to be stronger than at
θ = 0. Because of the limited total magnetic field, we
were not able to fully investigate these fractional QHSs
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FIG. 5. (color online). The value of Rxx at ν = 1 vs. B|| for
various p; in each case the value of δp/p is indicated. As p
is decreased, the range of B|| in which the ν = 1 transition
occurs shifts to lower B||. At p = 1.38 × 10
11 cm−2, Rxx at
ν = 1 is already lifted up at B|| = 0, while at p = 1.29× 10
11
cm−2, no transition occurs. Data obtained from sample A
(B) are indicated by open (filled) symbols.
at high θ in the higher density cases.
We now turn to possible origins of the observed ν = 1
transition. In a standard, single-layer 2DES confined to
a narrow GaAs QW or a heterojunction, the ν = 1 QHS
arises from the Fermi level EF residing in the Zeeman
energy gap which separates the lowest set of spin-split
Landau levels (LLs). This QHS becomes stronger with
the application of B|| since B|| increases the Zeeman en-
ergy. On the other hand, in a bilayer-like 2DES, when
the energy separation ∆ between the first two electric
subbands is smaller than both the Zeeman and cyclotron
energies, the ν = 1 QHS corresponds to EF lying in the
∆ energy gap. It is well known that ∆ is reduced by an
applied B|| in bilayer-like 2DESs [8], and experiments in
2DESs confined to either WQWs [2, 7] or double QWs [9]
have indeed shown that the application of a sufficiently
strong B|| leads to the collapse of the ν = 1 QHS into a
compressible state. However, the collapse of ∆ with in-
creasing B|| as seen in bilayer-like 2DESs cannot explain
the reemergence of the ν = 1 QHS at higher B|| that we
observe in our 2DHS.
While the reentrant ν = 1 QHS we observe has
no counterpart in 2DESs, there has been a report of
an anomalous, small magnetoresistance peak near the
ν = 1 Rxx minimum in a 2DHS confined to a (110)
GaAs/AlxGa1−xAs heterojunction [10]. In their exper-
iments, which are done only in perpendicular magnetic
fields, Fischer et al. observe a slight weakening, but not a
complete collapse, of the ν = 1 QHS. Corroborating their
data with the results of LL dispersion calculations, they
attribute their observation to an anticrossing of spin-up
and spin-down LLs. It is possible that the origin of the
reentrant ν = 1 QHS we observe is also a crossing of
LLs with different spin and/or subband indices. Unfor-
tunately, the confirmation of such a scenario by theoreti-
cal calculations is inhibited by the difficulty of calculating
the LL dispersions for a bilayer-like 2DHS in the presence
of a parallel magnetic field component [11]. However, it
is very likely that the second electric subband plays a
major role in the ν = 1 transition, given the evolution
and eventual disappearance of this phenomenon as the
2DHS is tuned from a bilayer-like system with expected
two-subband occupation to an increasingly single-layer-
like system with one-subband occupation. This conjec-
ture is also consistent with previous reports on single-
subband 2DHSs in tilted magnetic fields which do not
show a ν = 1 transition with increasing θ [12–14]. The
general complexity of the LL structure of 2DHSs can be
seen in Fig. 3 of Ref. [13] which shows the LL disper-
sions (at θ = 0) for a narrow GaAs QW. The dispersions
are highly non-linear and despite the much larger value
of ∆, LLs of the HH2 subband are already interacting
with those of HH1 [13]. This interaction is surely more
dramatic in our system where ∆ is smaller because of the
larger QW width, and could lead to a crossing of HH1
and HH2 LLs and a reentrant ν = 1 QHS.
The reentrant ν = 1 QHS we report here adds another
twist to the subtle physics of 2DHSs in tilted magnetic
fields. While the origin of this phenomenon remains un-
known, our data provide a number of clues, including
dependencies on charge distribution symmetry and den-
sity, which we hope will stimulate further experimental
and theoretical work.
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